Protein kinase D (PKD) regulates many diverse cellular functions in response to diacylglycerol. To monitor PKD signaling in live cells, we generated a genetically-encoded fluorescent reporter for PKD activity, DKAR (D Kinase Activity Reporter). DKAR expressed in mammalian cells undergoes reversible FRET changes upon activation and inhibition of endogenous PKD. Surprisingly, we find that agonist-evoked activation of PKD is driven not only by diacylglycerol production, but by Ca 2+ . Furthermore, elevation of intracellular Ca 2+ , in the absence of any other stimulus, is sufficient to activate PKD. Concurrent imaging of Ca 2+ , diacylglycerol, and PKD activity reveals that thapsigargin-mediated elevation of intracellular Ca 2+ is closely followed by a robust increase in diacylglycerol production, in turn followed by PKD activation. The Ca 2+ -induced production of diacylglycerol and accompanying PKD activation is dependent on phospholipase C activity. These data reveal that Ca 2+ is a major contributor to the initiation of PKD signaling through positive feedback regulation of diacylglycerol production, unveiling a new mechanism in PKD activation.
Protein kinase D (PKD) regulates many diverse cellular functions in response to diacylglycerol. To monitor PKD signaling in live cells, we generated a genetically-encoded fluorescent reporter for PKD activity, DKAR (D Kinase Activity Reporter). DKAR expressed in mammalian cells undergoes reversible FRET changes upon activation and inhibition of endogenous PKD.
Surprisingly, we find that agonist-evoked activation of PKD is driven not only by diacylglycerol production, but by Ca 2+ . Furthermore, elevation of intracellular Ca 2+ , in the absence of any other stimulus, is sufficient to activate PKD. Concurrent imaging of Ca 2+ , diacylglycerol, and PKD activity reveals that thapsigargin-mediated elevation of intracellular Ca 2+ is closely followed by a robust increase in diacylglycerol production, in turn followed by PKD activation. The Ca 2+ -induced production of diacylglycerol and accompanying PKD activation is dependent on phospholipase C activity. These data reveal that Ca 2+ is a major contributor to the initiation of PKD signaling through positive feedback regulation of diacylglycerol production, unveiling a new mechanism in PKD activation.
Protein kinase D (PKD 1 ) comprises a family of three isoforms belonging to the Ca 2+ /calmodulin-dependent kinase group of serine/threonine protein kinases. PKD plays a role in numerous processes including cell proliferation, cell survival, immune cell signaling, gene expression, vesicle trafficking and neuronal development (1) . PKD transduces signals that generate the second messenger diacylglycerol (DAG). This ligand has two roles in the activation of PKD: it activates novel protein kinase C (PKC) family members which catalyze an activating phosphorylation of PKD, and it directly binds PKD thus recruiting it to the membrane.
PKD isoforms comprise a conserved catalytic core and amino-terminal regulatory moiety.
The regulatory region contains two cysteine-rich (C1) domains and a pleckstrin homology (PH) domain and this region as a whole acts in an inhibitory manner on the kinase (2) . C1 domains are membrane-targeting modules that typically bind DAG and the functional analogues, phorbol esters (3). They are found in a number of proteins, most notably PKC, and provide a mechanism for proteins to be reversibly recruited to membranes in response to DAG. In the case of PKD, binding to either phorbol ester or DAG results in its membrane recruitment and activation.
In addition to membrane recruitment by DAG, activation of PKD requires phosphorylation at two sites within its catalytic core (4) . Thus, while DAG production leads to activation of PKD, it is not simply through the C1-mediated membrane binding and removal of autoinhibition by the regulatory region by which PKD becomes active. In addition, the upstream kinases, the novel PKCs, must phosphorylate PKD within its activation loop at Ser 744 and Ser 748 to promote its activity.
This phosphorylation event is the rate-limiting step in PKD activation, and once phosphorylated, PKD remains active even after disengaging from DAG (5) . Interestingly, the novel PKCs themselves contain C1 domains, so that phorbol ester treatment or DAG production leads to PKD activation through coincident activation of the novel PKCs and localization of PKD near its upstream kinases. Hence, activation of phospholipase C-coupled receptors [such as certain G protein-coupled receptors (GPCRs) or receptor tyrosine kinases] leads to PKD activation via a signaling cascade: stimulation of phospholipase C activity results in the cleavage of the membrane phospholipid phosphatidylinositol bisphosphate to produce the second messengers inositol trisphosphate (IP 3 ) and DAG. DAG production leads to activation of the novel PKCs, and thus PKD.
Although IP 3 stimulates the release of Ca 2+ from intracellular stores, this consequence of phospholipase C activation is not considered to control PKD activation because neither the novel PKCs nor PKD bind Ca 2+ . In order to examine PKD signaling in live cells, we generated a genetically-encoded fluorescent reporter designed to respond specifically to PKD activity. Such kinase activity reporters generally consist of two different fluorescent proteins flanking a phosphoaminoacidbinding domain and a kinase substrate sequence (6) (7) (8) . Phosphorylation of the substrate sequence causes intramolecular complexation by the phosphoaminoacid-binding domain altering fluorescence resonance energy transfer (FRET) between the fluorescent proteins. The resulting change in FRET enables the visualization of kinase signaling in real time in live cells. Current methods for assaying PKD activation include Western blotting to probe for the activating phosphorylations on PKD and kinase assays of immunoprecipitated PKD.
Both of these approaches are effective, however, they can only reveal snapshots of PKD signaling. Design of a genetically-encoded fluorescent reporter would allow the monitoring of PKD activity in live cells.
Here we describe the design and use of a PKD reporter, DKAR (D Kinase Activity Reporter), for visualizing agonist-stimulated PKD activation in live cells. We show that DKAR is a sensitive and reversible reporter of endogenous PKD activity. The reporter reveals differences in the kinetics and duration of PKD signaling downstream of distinct GPCRs in two different cell lines; both responses occur rapidly following GPCR stimulation, but in one cell line the signal is sustained whereas in the other cell line the response is transient. Lastly, we show that Ca 2+ is a major contributor to the agonist-evoked activation of PKD and that it, alone, is sufficient to activate PKD. Visualization of DAG levels reveals that Ca 2+ stimulates DAG production though positive feedback of phospholipase C, thus accelerating the rate of agonist-induced activation of PKD. In addition, Ca 2+ can act on its own to stimulate DAG production, thus activating PKD. These data reveal a previously undescribed regulatory input in controlling cellular PKD activity through Ca 2+ -regulated DAG production.
Experimental Procedures

Materials
Phorbol 12,13-dibutyrate (PdBu), Gö 6983, Gö 6976, thapsigargin, ionomycin, edelfosine (ET-18-OCH 3 ) and BAPTA/AM were obtained from Calbiochem (La Jolla, CA). KN-93 was obtained from Sigma. Fura-2 AM was obtained from Molecular Probes. Antibodies to PKD, to the phosphorylated activation loop of PKD (PKD P-S744/748), to the carboxyl-terminal autophosphorylation site of PKD (PKD P-S916) and to phospho-(Ser/Thr) PKD substrates were obtained from Cell Signaling Technology (Beverly, MA). Purified PKD1 (formerly known as PKCµ) was obtained from Upstate. HyBlot CL film used for Western analyses was from Denville Scientific. All other materials were reagent-grade.
Plasmid constructs DKAR was generated through substitution of a PKD substrate sequence, LSRQLTAAVSE, for the substrate sequence within CKAR (9) by PCR. The phosphoacceptor threonine was mutated to an alanine to create DKAR-T/A following the QuikChange protocol (Stratagene). For in vitro experiments, DKAR was subcloned into the bacterial expression vector pRSET B (Invitrogen). MyrPalm-CFP and has been previously described (10) . YFP-C1b-Y123W is described in Dries et al. (11) .
Protein purification DKAR and DKAR-T/A were expressed and purified from bacteria as described (12). In brief, a single colony of BL21(DE3) E. coli containing pRSET-DKAR or pRSET-DKAR-T/A was grown for 2 days at room temperature. Pelleted cells were resuspended in 20 mM HEPES, pH 7.5 containing 1 mM DTT, 300 nM PMSF, 10µM bestatin, 500 nM benzamidine and 500 ng/ml leupeptin, and lysed by Dounce homogenization followed by French press. DKAR was purified from cleared lysates by nickel chelation chromatography using Ni-NTA agarose (QIAGEN) in the presence of 10 mM imidazole. Following washes, DKAR was eluted using a buffer containing 20 imaging, COS-7 cells were incubated with Fura-2 AM for 30 minutes at 37 o C and washed two times with saline prior to imaging. Data were collected every 10 seconds through a 10% neutral density filter. Images were obtained through a 350/10 nm and a 380/10 nm excitation filter, a 450 nm dichroic mirror and a 535/45 nm emission filter.
Western Blotting COS-7 or HeLa cells were grown to confluency in 60 mm dishes. Cells were washed once in HBSS and then treated for the indicated times with PdBu, UTP (COS-7 cells) or histamine (HeLa cells) in HBSS at room temperature as shown. Cells were lysed in 50 mM Na 2 HPO 4 , 1 mM Na 4 P 2 O 7 , 20 mM NaF, 2 mM EDTA, 2 mM EGTA, 1% Triton X-100 (supplemented with 1 mM dithiothreitol, 200 µM benzamidine, 40 µg ml -1 leupeptin, 300 µM phenylmethylsulfonyl fluoride, and 1 µM microcystin) and cleared by a high-speed spin. The cleared lysates were analyzed by Western blotting to determine the relative amounts of PKD S744/748 (activation loop) and PKD S916 (autophosphorylation) phosphorylation. Western blots were developed using chemiluminescence.
RESULTS
Design of DKAR
We have designed a genetically-encoded fluorescent reporter, DKAR, to monitor the kinetics of PKD-catalyzed phosphorylation in live cells. This reporter maintains the same modular structure as the previously described PKA, Akt/PKB, and PKC activity reporters, AKAR, BKAR, and CKAR, respectively (9, 12, 13) . The primary distinction is that the substrate phosphorylation sequence was modified in order to make it a phosphorylation sequence for PKD. Specifically, DKAR consists of the FRET pair mCFP (cyan fluorescent protein rendered monomeric by the mutation A206K) and mYFP [the yellow fluorescent protein citrine (14), likewise with A206K] bracketing an FHA2 phosphothreonine-binding domain and a consensus PKD phosphorylation sequence ( Figure  1A ).
The consensus substrate sequence, LSRQLTAAVSE, where the T is the phosphoacceptor residue, was designed based on a combination of data describing optimal PKD phosphorylation consensus sequences and information identifying which residues are critical for FHA2 domain binding (15) (16) (17) (18) . Analysis of this sequence using Scansite (scansite.mit.edu) suggested that PKD is the preferred kinase to phosphorylate it. As with our previous kinase reporters, unphosphorylated DKAR exists in a conformation resulting in FRET from the donor molecule CFP to the acceptor YFP. Phosphorylation of the threonine within the substrate sequence triggers an intramolecular clamp with the FHA2, leading to a decrease in FRET ( Figure 1A ).
Phosphorylation of DKAR by PKD in vitro
To determine whether DKAR can serve as a PKD substrate, DKAR was expressed in bacterial cells as a His-tagged fusion protein, purified, and subjected to in vitro phosphorylation by purified PKD. A phosphorylation-state specific antibody which detects phosphorylations at the optimal PKD sequence motif (15) revealed phosphorylation of DKAR following incubation with the pure kinase ( Figure 1B ). Importantly, this antibody did not reveal phosphorylation by PKD when a modified DKAR, in which the phosphoacceptor threonine was mutated to alanine (DKAR-T/A), was used. This establishes that PKD specifically phosphorylates the threonine within the designed substrate sequence of DKAR.
Because the phorbol ester PdBu was used to stimulate PKD activity in living cells, we wanted to ensure that PKC, which is potently activated following phorbol ester treatment, was not able to phosphorylate DKAR at the consensus threonine. As seen in Figure 1B , incubation of pure PKCβII with pure DKAR in an in vitro kinase assay did not result in phosphorylation of the reporter at the consensus threonine. These results reveal that PKD, and not PKC, phosphorylates DKAR at the threonine within the substrate sequence.
DKAR reports PKD activity in live cells
Having demonstrated that pure PKD can recognize and phosphorylate DKAR on the threonine within its substrate sequence in vitro, we next wanted to test the ability of DKAR to function as a reporter to visualize PKD signaling in living cells. COS-7 cells overexpressing both DKAR and PKD1 were analyzed following PdBu stimulation. In Figure 2A , the ratio of cyan emission to yellow emission (FRET ratio) was monitored for a few minutes to establish a baseline FRET ratio before stimulating with PdBu. Following PdBu treatment, the FRET ratio increased reflecting the conformational change induced by phosphorylation of the reporter at the consensus threonine. The phosphoacceptor mutant DKAR (DKAR-T/A) did not undergo a FRET ratio change in response to PdBu, confirming that the FRET ratio change results from phosphorylation of the threonine in the designed substrate sequence (Figure 2A ).
To test whether DKAR is able to report PKD signaling mediated by endogenous PKD, we expressed only DKAR in COS-7 cells and monitored the FRET ratio change following stimulation with PdBu. PdBu treatment caused the FRET ratio to increase, however, the rate of increase was slower than that observed when PKD was overexpressed (half-time of approximately 7 minutes compared to 2 minutes), and the magnitude of the change was lower (0.05 relative units compared to 0.20) (compare Figure 2A with Figure 2B ). Next, the ability of DKAR to reversibly report PKD signaling was examined by subsequently treating the cells with the PKD inhibitor Gö 6976. Following PKD inhibition, the FRET ratio change induced by PdBu treatment reversed ( Figure 2B ).
Not only does the reversibility of the response indicate that DKAR can act as a readout of both kinase activation and deactivation, but this result also confirms the specificity of PKD as the kinase responsible for phosphorylating DKAR.
Thus, DKAR is a sensitive, reversible and specific reporter of PKD signaling.
The specificity of the DKAR response was further confirmed using a distinct pharmacological agent, Gö 6983, that inhibits all PKC isoforms but does not inhibit PKD. Previously we used Gö 6976 which inhibits not only PKD, but also conventional PKC isoforms. Importantly, Gö 6976 does not inhibit the novel PKC isoforms which catalyze the activating phosphorylation of PKD. Thus, in the following experiments, cells treated with Gö 6983 would prevent the activating phosphorylations on PKD by novel PKCs, and PKD signaling would be blocked. In Figure 2C (black diamonds), cells were treated first with PdBu and monitored until the DKAR FRET ratio reached its maximal response. Subsequent addition of Gö 6983 caused a modest drop in the FRET ratio. Note that this small decline is an artifact resulting from emission of the red-colored inhibitor into the FRET channel (Gallegos and Newton, unpublished data), and a similar decline can be observed following Gö 6983 addition in unstimulated cells. Taking this into account, Gö 6983 did not significantly reverse the DKAR response. Only after subsequent addition of Gö 6976 did the FRET ratio reverse. On the other hand, pretreatment of cells for 10 minutes with the PKC inhibitor Gö 6983 significantly blocked the DKAR response to PdBu ( Figure 2C , open circles). Together, these results verify the role of the novel PKCs in PKD signaling, and furthermore, they validate the specificity of DKAR as a PKD reporter.
DKAR reports signaling downstream of endogenous G protein-coupled receptors
DKAR was designed to provide a realtime readout of PKD signaling in live cells, therefore, we wanted to monitor DKAR following stimulation of endogenous signaling pathways. To verify that the stimulus used in our study would lead to PKD activation, the phosphorylation state of the activation loop site of PKD was examined following receptor activation. The nucleotide UTP can stimulate phospholipase C-coupled P2Y receptors in many different cell types (19, 20) . Treatment of COS-7 cells with PdBu or UTP both resulted in activation of PKD signaling as observed through the induction of phosphorylation of its activation loop site by upstream kinases ( Figure 3A) . Histamine has been shown to activate G protein coupled receptors in HeLa cells and similarly, treatment of HeLa cells with PdBu or histamine resulted in PKD activation as seen by Western analysis of the PKD activation loop sequence ( Figure 3B) .
Having demonstrated the ability of UTP and histamine to activate PKD in COS-7 and HeLa cells, respectively, we next wanted to examine whether DKAR would report PKD activation following stimulation of these signaling pathways. COS-7 cells expressing DKAR were stimulated with UTP resulting in a rapid and sustained increase in the FRET ratio ( Figure 4A ). Importantly, pretreatment of COS-7 cells for 10 minutes with the PKD inhibitor Gö 6976 completely blocked this increase confirming the specificity of DKAR as a reporter for PKD signaling downstream of UTP treatment ( Figure  4A ). When the consensus threonine within the PKD substrate sequence of DKAR was mutated to an alanine (DKAR-T/A), treatment of cells with UTP resulted in no change in the FRET ratio ( Figure 4B ). While PKD signaling in HeLa cells was also observed using DKAR, the kinetics of the response were slightly different than the kinetics of the response observed in COS-7 cells following UTP treatment. Specifically, when HeLa cells expressing DKAR were stimulated with histamine, the FRET ratio change observed was rapid, but began to decay within two minutes ( Figure 4C) . However, the response did not fully reverse to baseline levels, even after PKD inhibition with Gö 6976 (data not shown). In accordance with this observation, pre-treatment of HeLa cells for 10 minutes with Gö 6976 followed by treatment with histamine resulted in a slower FRET ratio change that reached the same level as the new baseline observed from histamine treatment alone ( Figure  4C ). Therefore, there exists either: 1) non-specific phosphorylation by a distinct, Gö 6976-insensitive kinase, or 2) a pool of PKD within HeLa cells that cannot be inhibited by Gö 6976 treatment which results in a ~20% of maximal increase in the FRET ratio from DKAR. As a control, histamine did not cause a change in FRET ratio of DKAR-T/A expressed in HeLa cells ( Figure 4D ). Interestingly, while the phosphorylation at the activation loop site on PKD was much more by guest on July 16, 2017 http://www.jbc.org/ Downloaded from pronounced following PdBu treatment compared to UTP or histamine treatment (see Figure 3) , the kinetics of the DKAR response triggered by these ligands was considerably faster compared to the response triggered by PdBu (compare Figure 2B with Figure 4A and 4C) . In summary, UTP or histamine treatment of COS-7 or HeLa cells, respectively, activates the PKD pathway resulting in a rapid and readily observed FRET ratio change by DKAR in live cells.
Calcium stimulates DKAR phosphorylation
DKAR was designed to be a specific reporter of PKD signaling and analysis of the substrate sequence by Scansite supported this specificity: a medium stringency scan indicates that PKD is the preferred kinase to phosphorylate DKAR.
However, Ca
2+
/calmodulin-dependent protein kinase II (CaMKII) is predicted by Scansite to be the next most likely kinase to phosphorylate the sequence.
To examine the possibility that CaMKII activation may result in a FRET ratio change by DKAR, HeLa cells expressing the reporter were treated with the SERCA (sarcoplasmic/endoplasmic reticulum Ca Figure 5A ). In order to assess whether CaMKII was mediating this Ca 2+ -induced FRET response from DKAR, we treated HeLa cells with the CaMKII inhibitor KN-93 before adding thapsigargin. As seen in Figure  5B (closed triangles), pretreatment of cells with the CaMKII inhibitor KN-93 was not able to block the thapsigargin-induced DKAR FRET ratio change, therefore, CaMKII is not responsible for the FRET change by DKAR following Ca 2+ release. Instead, pretreatment with the PKD inhibitor Gö 6976 prevented this thapsigargininduced FRET ratio change ( Figure 5B , open circles).
Because the DKAR response to increasing Ca 2+ was blocked by Gö 6976 but not KN-93, these data reveal that the Ca 2+ effect on DKAR is a result of PKD activity, not CaMKII activity.
To address whether the activation of PKD by Ca 2+ is a general phenomenon, we asked whether elevation of Ca 2+ also regulated PKD activity in a different cell line. Treatment of COS-7 cells with thapsigargin resulted in a slow and sustained FRET ratio change from DKAR that could be reversed to baseline levels following PKD inhibition ( Figure 5C ). Similar results were observed when Ca 2+ levels were elevated through a distinct mechanism; COS-7 cells expressing DKAR were treated with the Ca 2+ ionophore, ionomycin. The FRET ratio of DKAR increased following ionomycin treatment when 1 mM Ca 2+ was present in the imaging saline ( Figure 5D ). Removal of extracellular Ca 2+ along with 5 mM EGTA to chelate residual Ca 2+ in the imaging saline prevented a FRET ratio increase with ionomycin treatment; however, the FRET ratio increased rapidly when 10 mM Ca 2+ was added back to the imaging saline ( Figure 5E ). Thus, surprisingly, increasing Ca 2+ is sufficient to induce PKD signaling as reported by DKAR.
Increasing intracellular Ca 2+ results in DAG production
A role for Ca 2+ in PKD signaling has not been described previously, so our results showing that Ca 2+ promotes DKAR phosphorylation were unexpected. Activation of PKD has traditionally been observed by monitoring the activating phosphorylations catalyzed by novel PKCs at the activation loop (Ser 744 and Ser 748). Once phosphorylated at these sites, PKD becomes catalytically-competent and catalyzes its autophosphorylation at Ser 916 within its Cterminus. Thus, this C-terminal site serves as a read-out for the intrinsic catalytic activity of PKD. To directly address whether Ca 2+ activates PKD, we analyzed the phosphorylation state of the activation loop and C-terminal sites of PKD following an increase in intracellular Ca 2+ . Western blot analyses of PKD from both COS-7 and HeLa cells that were treated for up to 15 minutes with thapsigargin revealed that PKD is not only phosphorylated by its upstream kinases at the activation loop site, but PKD also autophosphorylates following a rise in intracellular Ca 2+ ( Figure 6 ). Thus, as suggested by the DKAR imaging experiments, PKD is activated by increasing Ca 2+ levels in the cell. The phosphorylation of the activation loop site on PKD has been reported to be catalyzed by novel PKCs, however, novel PKCs are activated (as is PKD) through the production of DAG, and both novel PKCs and PKD are insensitive to Ca 2+ . Therefore, the mechanism by which Ca 2+ triggers the phosphorylation and activation of PKD cannot be through direct stimulation of novel PKCs or PKD. This led us to ask whether Ca 2+ could trigger the production of the known upstream messenger DAG. To this end, we employed a FRET-based assay designed in our laboratory that takes advantage of a membrane-tethered CFP (MyrPalm-CFP) domain and a YFP-tagged DAGbinding domain (YFP-C1b-Y123W) (21) . Generation of DAG engages the C1 domain on the membrane, resulting in a FRET increase. The DAG-binding domain used was a mutant C1b domain from PKCβ that was shown to bind DAG with higher affinity than the wild-type C1b domain (11) .
We coexpressed MyrPalm-CFP and YFPC1b-Y123W in COS-7 cells and treated them with thapsigargin to elevate intracellular Ca 2+ . Thapsigargin caused a robust increase in the FRET ratio between MyrPalm-CFP and YFP-C1b-Y123W ( Figure 7A, black diamonds) , indicating the accumulation of DAG at the plasma membrane. Normalizing to the maximal FRET change evoked by phorbol esters, as described in (11) , revealed that the thapsigargin-induced increase in DAG was on the same order of magnitude as an agonist-evoked increase (data not shown). Thus, one mechanism by which increasing Ca 2+ leads to activation of PKD is through the production of the second messenger DAG at levels comparable to those elicited by Gqcoupled receptor stimulation. DAG then binds and activates both the upstream kinases (the novel PKCs) and PKD itself. In order to assess whether increasing Ca 2+ results in the production of DAG via stimulation of phospholipase C activity, we pre-treated cells with the phospholipase C inhibitor edelfosine and then stimulated Ca 2+ release with thapsigargin.
Inhibition of phospholipase C prevented the production of DAG at the plasma membrane following a rise in intracellular Ca 2+ ( Figure 7A , open circles). Having established that Ca 2+ release results in the production of DAG via phospholipase C activation, we next asked whether the mechanism of DKAR's response to increasing Ca 2+ was also through phospholipase C activation. COS-7 cells expressing DKAR were pre-treated with the phospholipase C inhibitor edelfosine and then subsequently stimulated with thapsigargin. In contrast to the results observed in Figure 5C , inhibition of phospholipase C activity with edelfosine completely blocked the DKAR FRET ratio change following thapsigargin treatment ( Figure 7B) .
Thus, increasing intracellular Ca 2+ leads phospholipase C activation which, in turn, leads to the production of DAG which results in the membrane recruitment and activation of both the upstream kinases, the novel PKCs, and PKD.
Concurrent imaging of intracellular Ca 2+ levels ( Figure 7C , closed triangles), plasma membrane DAG ( Figure 7C , open circles) and activation of PKD as reported by DKAR ( Figure 7C , black diamonds) revealed that thapsigargin causes a rapid rise in intracellular Ca 2+ that is closely followed by a robust rise in DAG at the plasma membrane which is followed by PKD activation.
Calcium plays a role in PKD signaling
Having established that Ca 2+ increases can lead to production of DAG and thus PKD activation, we were interested in examining the role of Ca 2+ in the context of PKD signaling downstream of endogenous GPCR activation. To this end, COS-7 cells expressing DKAR were left untreated or pre-loaded with BAPTA (to buffer intracellular Ca 2+ levels), stimulated with UTP, and the FRET ratio was monitored. Analysis of data from multiple experiments (n≥9) revealed that UTP-stimulated DKAR phosphorylation was delayed by two minutes and then proceeded at a 5-fold lower rate in Ca 2+ -buffered cells compared to unbuffered cells (Figure 8 ). Taken together, these results demonstrate that Ca 2+ plays a large role in the activation of PKD by regulating the production of DAG.
DISCUSSION
Here we describe the generation and use of DKAR, a novel reporter to visualize PKD activity in live cells. We show that DKAR is a specific, reversible, and sensitive reporter that allows real-time monitoring of activation and deactivation of endogenous PKD signaling. Historically, PKD has been described as being activated downstream of phospholipase C activity, that is, following DAG production at the plasma membrane. However, through the design and characterization of DKAR, we have discovered a novel aspect of PKD signaling: Ca 2+ drives the rapid activation of PKD. Visualization of DAG levels reveals that Ca 2+ is sufficient to produce DAG at the plasma membrane thereby activating the PKD pathway. Thus, Ca 2+ actively participates in PKD signaling by increasing phospholipase Cgenerated DAG.
Differential signaling by PKD
The reversibility of DKAR FRET changes reflects the balance between PKD activity and phosphatase activity acting on DKAR within the cell. This reversibility allowed us to examine the kinetics of both signal initiation and signal termination in PKD signaling. We found that the rate of activation was consistently rapid, but the duration of signaling varied among cell types. Specifically, in COS-7 cells, stimulation of cell surface P2Y receptors by UTP results in a rapid and prolonged response by DKAR, whereas in HeLa cells, histamine receptor stimulation causes a fast, but transient response (see Figure 4) . The prolonged versus transient nature of PKD signaling downstream of these two distinct Gqcoupled receptors may reflect the differential control of intracellular phosphatases within the two cell types. That is, differences in basal or stimulated phosphatase activity in HeLa compared to COS-7 cells could account for the different rates of signal termination in these two cell types. Consistent with this, the response by DKAR following increases in intracellular Ca 2+ displayed a similar profile to GPCR stimulation within each cell line: thapsigargin treatment in COS-7 cells resulted in a sustained DKAR response, while the response to thapsigargin in HeLa cells was transient. Thus it seems likely that the different responses by DKAR from the two cell types are regulated at the level of cellular phosphatase activity and downstream of the G proteins or GPCRs.
Interestingly, the rate of the DKAR response to Gq-coupled receptor activation (by UTP in COS-7 cells or histamine in HeLa cells) is much faster than that observed following PdBu stimulation or thapsigargin treatment. This is not a reflection of slower incorporation of PdBu into membranes as we routinely observe rapid (15-30 seconds) translocation of C1 domains to all membranes following PdBu addition (21) , nor is this a reflection of a delay in the Ca 2+ increase by thapsigargin as Ca 2+ increases maximally within 15 seconds of drug addition (data not shown). Rather, this faster response may be because PKD is not simply diffuse throughout the cell, but rather, PKD is pre-localized to scaffolds within the cell. Carnegie and colleagues have demonstrated that PKD can exist at a signaling scaffold termed AKAP-Lbc which pre-localizes PKD and its upstream kinase along with a number of other proteins (22) . Thus, potential pre-localization of PKD to a scaffold containing the upstream kinase at or near the respective Gq-coupled receptor could account for the rapid DKAR response observed following receptor stimulation that is not seen following PdBu treatment or Ca 2+ mobilization alone.
It is also tempting to speculate that activation of Gq-coupled GPCRs leads to an acute inhibition of local phosphatases; this would explain why we observe a much faster DKAR response following GPCR stimulation compared to PdBu or thapsigargin treatment. Consistent with this, we have shown that phosphatases are highly active in the cell under resting conditions (21) . Thus, stimulation of GPCRs may lead to temporary inhibition of their activity in order to enhance the effect of kinases activated downstream thereby leading to a more rapid response from DKAR.
Calcium regulates PKD
During the characterization of DKAR as a PKD reporter, the ability of Ca 2+ to trigger the production of DAG and hence activate PKD was revealed. Initially we had sought to address the possibility that CaMKII might be able to phosphorylate DKAR and, in fact, following Ca 2+ release from intracellular stores using thapsigargin, we observed a very clear FRET ratio change from DKAR.
However, a CaMKII inhibitor had no effect on this response; only following the addition of the PKD inhibitor were we able to block or reverse the thapsigargininduced FRET ratio increase ( Figure 5 ). Thus the pharmacological evidence suggested that the Ca 2+ -induced FRET ratio change of DKAR was the result of PKD phosphorylation on the reporter. Examination of the phosphorylation state of PKD (a readout of its activation state) confirmed the finding that the observed DKAR response was indeed a result of PKD activation. These results were surprising as, to date, the critical component in stimulating the PKD pathway downstream of GPCRs has been described as the second messenger DAG, not Ca 2+ . The upstream kinases of PKD (the novel PKCs) and PKD itself both contain DAG-binding C1 domains that mediate their translocation to the plasma membrane where the novel PKCs are activated and able to phosphorylate their substrates, including PKD. Thus, our finding that Ca 2+ alone was sufficient to activate phosphorylation of PKD at its activation loop site (the novel PKC site) raised the question of whether Ca 2+ itself could lead to the production of DAG. Indeed, we verified this by using a FRET-based assay recently designed in our laboratory (11, 21) . Using this system, we clearly observed the production of DAG at the plasma membrane in response to increases in intracellular Ca 2+ ( Figure 7) . Thus, the mechanism by which Ca 2+ activates PKD is still via the production of DAG.
The simplest mechanism by which Ca 2+ can lead to DAG production would be through direct activation of phospholipase Cs in the cell. While phospholipase Cβ is the phospholipase activated by Gq-coupled receptors, there are a number of other phospholipase C isozymes that could also confer this response to Ca
2+
. Indeed binding of Ca 2+ within their catalytic core is essential for activity of all the phospholipase C isozymes (23) . Furthermore, there is a report showing that phospholipase Cδ, but not other phospholipase C subtypes, is responsive to stimulation by rises in intracellular Ca 2+ (23, 24) . Thus it is possible that the activation of PKD through increasing intracellular Ca 2+ is through direct stimulation of phospholipase C activity.
The observation that Ca 2+ can activate the PKD pathway has not yet been described. The canonical activator of PKD is DAG.
In experiments in the context of the Ca 2+ chelator BAPTA, the phospholipase C activation by Gq proteins downstream of the GPCRs would remain intact. However, in our experiments, a role of Ca 2+ on PKD activity was unveiled. Following UTP treatment of COS-7 cells expressing DKAR where Ca 2+ levels are maintained below resting levels, we observed an average two minute delay in PKD activation and 5-fold reduction in rate of activation as reported by DKAR (Figure 8 in regulating DAG production as a whole. Figure 9 depicts a model for the proposed role of Ca 2+ in the PKD activation pathway. Stimulation of Gq-coupled receptors leads to the activation of phospholipase Cβ which hydrolyzes phosphatidylinositol bisphosphate (PIP 2 ) to form the two second messengers DAG and IP 3 . DAG production at the plasma membrane results in the recruitment and activation of PKD, both via translocation and activation of its upstream kinases, the novel PKCs, and through translocation of PKD itself. Once in proximity to the novel PKCs at the membrane, PKD becomes phosphorylated and thereby activated. Concurrently, IP 3 stimulates the release of Ca 2+ from intracellular stores and this Ca 2+ provides positive feedback on phospholipase C activity. This positive feedback control of phospholipase C drives the rapid activation of PKD. Additionally, Ca 2+ alone can stimulate production of DAG, most likely through direct stimulation of phospholipase C activity in the cell. Thus, Ca 2+ plays a major role in PKD activation via modulation of phospholipase C activity resulting in the production of the lipid messenger DAG. times with thapsigargin were analyzed by Western blotting for PKD activation using an α-PKD pS744/748 antibody (activation loop phosphorylation) and an α-PKD pS916 antibody (autophosphorylation). , DAG and DKAR responses following thapsigargin treatment were plotted as the percent of maximal ratio change. Data are the average ± SEM from at least three different experiments. 
